We have developed a two-photon°uorescence microscope capable of imaging up to 4mm in turbid media with micron resolution. The key feature of this instrument is the innovative detector, capable of collecting emission photons from a wider surface area of the sample than detectors in traditional two-photon microscopes. This detection scheme is extremely e±cient in the collection of emitted photons scattered by turbid media which allows eight fold increase in the imaging depth when compared with conventional two-photon microscopes. Furthermore, this system also has in-depth°uorescence lifetime imaging microscopy (FLIM) imaging capability which increases image contrast. The detection scheme captures emission light in a transmission con¯guration, making it extremely e±cient for the detection of second harmonic generation (SHG) signals, which is generally forward propagating. Here we present imaging experiments of tissue phantoms and in vivo and ex vivo biological tissue performed with this microscope.
Introduction
Biology and medical diagnostics often require imaging of deep layers of biological tissue with cellular resolution and without disrupting the physiological condition of the sample. Deep-tissue imaging can be regarded as noninvasive \optical pathology", where all cells and molecules are observed in their intact physiological environment.
The ability to image in depth is dependent on both the geometrical and optical properties of the sample, as well as the capabilities of the imaging system. The most common imaging systems available like confocal microscopes are only suitable for relatively transparent samples and cannot be used to access deep layer of biological tissue, which is generally strongly scattering. Tissues are characterized by strong multiple scattering and by inhomogeneity of the refractive index. Traditional light and°uores-cence microscopy, even with the aid of staining and using°uorescent markers to improve contrast, cannot image beyond 100-200 m from the surface layer of the turbid sample.
(NIR) are required, since they exploit the reduced absorption and scattering at longer wavelengths and use multiphoton absorption to excite molecules in the sample. In spite of the noticeable improvement in imaging depth obtained with multi-photon microscopy, as compared to the conventional confocal microscopy, the state-of-the-art microscope technology still cannot overcome the imaging limit of about 1 mm. [2] [3] [4] [5] We have built a two-photon°uorescence microscope named the DIVER, which stands for deep imaging via enhanced-photon recovery. The DIVER is capable of imaging turbid samples with brain-like optical properties up to the depth of 4 mm. The large imaging depth is achieved with an innovative photon recovery system which allows the collection of emitted photons from a wide area of the sample, while conventional detection schemes collect photons only from a relatively small area, and thus losing most°u orescence photons. We have also reduced light loss matching the refractive index throughout the optical path between the sample and the detector. We have successfully validated the DIVER using many biological and arti¯cial specimens. As for the arti¯cial samples we have used phantoms simulating brain optical properties. As biological samples we have used excised tissue from mice such as colon and small intestine, vasculature in the skin, and subcutaneous xenograft tumors.
The system operates in transmission geometry, which makes it extremely suitable for second harmonic generation (SHG) signal detection. SHG is a coherent process in which photons are generated at exactly half the wavelength of the excitation light. SHG is a powerful asset in biological and medical imaging and diagnostics. 6 SHG does not generate contrast by means of absorption, like in the case of multi-photon°uorescence microscopy, but draws on the polarizability of speci¯c endogenous structures lacking center of symmetry, and thus staining of the sample is not necessary. SHG also works at near IR laser wavelengths, which allows imaging deeper in biological tissue with cellular resolution. While°u orescence results in isotropic emission, SHG mainly propagates in the direction of the excitation beam, 7 which makes SHG detection better accomplished in an imaging system working in transmission geometry.
Due to its distinctive properties, SHG is a very useful imaging technique; it is employed in both ex vivo and in vivo, in the imaging of diseases of connective tissue. 8 Collagen, a very strong SHG signal generator, is extremely abundant in the extra-cellular matrix (ECM) of tissue. The ability to study the ECM is important in cancer research as it has been shown that ECM remodeling often takes place in many diseases, such as ovarian 9 and breast cancer. 10 SHG is also used in studying muscle diseases where myosin is present in large amounts and can be detected with SHG.
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The DIVER not only can acquire better in-depth SHG images of biological and nonbiological samples compared to traditional microscope geometry, but it also requires very low excitation light power, and thus limiting photodamage, when compared to traditional methods.
The DIVER is also equipped with a FLIMBox (ISS, Inc., Champaign, IL) for in-depth°uorescence lifetime imaging microscopy (FLIM). FLIM is an imaging contrast method based on the mapping of the spatial distribution of the unique lifetimes of intrinsic and extrinsic°uorophores, such as NADH, FAD, and°uorescent proteins. 12 FLIM can be used to analyze protein-protein interactions and also in detecting various biological conditions. 13, 14 FLIM analysis performed in the time domain is very computationally demanding, but the introduction of the phasor-approach 15 by Digman et al., has allowed performing FLIM data analysis in the frequency domain and it has signi¯cantly reduced the data processing time.
Experimental Methods

Imaging system
The imaging system consists of a custom made upright two-photon excitation microscope equipped with a novel emission detection setup. The principles of operation were previously described. 16, 17 This paper describes an updated system, shown schematically in Fig. 1 . Two-photon°uorescence excitation and SHG are provided by tunable femtosecond pulsed Ti:Sa laser (Mai Tai, Spectra Physics, Irvine, CA) coupled to a group velocity dispersion compensator (DeepSee, Spectra Physics, Irvine, CA) to maximize°uores-cence excitation e±ciency at the sample. The power level of the excitation beam is regulated by an acousto-optic modulator (AOM MT 110-B50A1, AA Opto-Electronics, Orsay, France). The average excitation beam power required for imaging depends on the type of sample,°uorophore, and imaging depth and increases with imaging depth usually from few tens of mW for layers close to the sample surface to few hundreds of mW for layers at mm depths. Wē rst perform a quick z-scan to measure the attenuation as a function of z. During the scan, we change the laser power to maintain approximately the same detected intensity as we go deep in the sample. Use of high excitation power potentially may cause the sample damage, however, when the excitation beam is focused deep inside the turbid media, for the samples having low absorption at NIR excitation wavelength, which is typical for most biological tissues, these high power levels usually do not induce sample damage due to spread of light energy across the sample by strong multiple scattering. The excitation beam is subsequently directed to a x-y galvanometric scanner (ISS, Inc.) coupled with an Olympus BX illumination module equipped with long working distance objectives (LCPlanFl 20x/0.4, WD ¼ 7 mm; LUMPlanFl 40x/0.80 W, WD ¼ 3.3 mm, XLSLPLN25XSVMP 25x/0.9, WD ¼ 8 mm, Olympus, Tokyo, Japan). The sample is positioned directly on the stage coupled to the detection system (described below) and attached to a motorized x-y-z stage used to position the sample and to focus the laser beam.
The detector, operating in transmission setup, is the core element of the DIVER which has allowed us to extend the imaging depth in turbid samples to 4 mm. 16, 17 As described above, this system is also particularly e®ective in the detection of SHG photons, due to their forward-propagating nature. The detector described in this paper has been upgraded by the addition of a¯lter wheel to separate emission photons by wavelength. The detector consists of a large photocathode area head-on photomultiplier tube (PMT; R7600P-300, Hamamatsu, Japan), working in photon counting mode, coupled to the shutter. The shutter is a custom-made sealed aluminum case equipped with two optical windows made of 25 mm diameter Â 3 mm thick BG-39¯l-ters, Fig. 1 . The PMT is attached to the bottom window of the shutter using microscope objective oil to eliminate the air gap and match the index of refraction between the PMT window and the¯lter. The sample is placed directly on the top shutter window. BG-39¯lters prevent the NIR excitation beam from entering the PMT, while transmit visible°u orescence light induced in the sample. The shutter contains the¯lter wheel rotated by a stepper motor. This¯lter wheel has 6 positions, corresponding to closed (no light penetrate), open (nō lter inserted), blue-violet bandpass B-370¯lter and 3 longpass glass¯lters with cuto® wavelengths of 455, 500, and 550 nm, respectively. These¯lters are used to separate emission wavelengths. Because the scattered emission light enters the shutter assembly from various directions, we cannot use interference¯lters that have more precise wavelength selection, but require collimated beam, however, the used glass¯lters were found to be very useful for imaging. The¯lter case is¯lled with index matching°u id to maintain refractive index continuity throughout the optical path between the sample and the PMT window in order to minimize losses of emitted photons caused by multiple re°ections at the boundaries. Since the emission photons are collected directly from the wide surface area of the sample and, due to refraction index matching, at almost any entering direction, the e®ective numerical aperture of this detection system is above 1, which makes it extremely sensitive to very low signal levels. The system is also equipped with a FLIMBox (ISS, Inc., Champaign, IL) for in-depth FLIM. A second PMT (H7422P-40, Hamamtsu, Japan) that works in the epi-°uorescence con¯guration has also been added to the system as a comparative module between the DIVER and conventional two-photon°u orescence microscope con¯guration. All image acquisitions, 3D reconstructions, and data analysis were performed using the SimFCS software developed at laboratory for°uorescence dynamics (LFD; the commercial version \Globals for Images" is available at www.lfd.uci.edu). The images consisting of 256 Â 256 pixels were acquired by raster scanning with dwell time of 32 s/pixel that takes approximately 2.5 s to acquire one frame. Typically 15-20 frames were averaged for each image plane. Because the signal intensity decreases with imaging depth, the excitation power needs to be increased to compensate for this e®ect. However, at high excitation power levels, the phenomenon known as out-offocus°uorescence may be induced at a sample surface layer, which further decreases the signal-to-noise ratio. In experiments on imaging°uorescent beads sandwiched between two 4-mm thick slices of scattering silicone phantoms, the signal-to-noise ratio was measured to be about 1.7 and 60 frames were accumulated and averaged to produce the image.
Sample preparation
Silicone tissue phantoms (reduced scattering coe±-cient 
Results and Discussion
Images in phantoms
We have previously 16, 17 shown that the described detection setup allows imaging°uorescent beads in turbid media up to the depth of 3 mm, while the same sample could only be imaged up to the depth of 500 m by a commercial Zeiss LSM 710 microscope. The addition of a more powerful laser and of a group velocity dispersion compensation device to the DIVER has further extended the available imaging depth.
To assess the in-depth imaging capabilities of the DIVER, yellow-green°uorescent beads dispersed in a tissue phantom with brain-like optical properties were imaged. The system has been updated with an automated z-stack feature that allows a 3D reconstruction of the full thickness of a turbid sample. Figure 2(a) shows the 3D reconstruction of a z-stack image of°uorescent beads acquired to 3 mm depth. The same sample was also imaged with our system in the epi-°uorescence con¯guration (same objective and excitation parameters) and with the Zeiss LSM 710 and in both cases the 500 m imaging depth limit could not be overcame. When the sample was imaged with the DIVER's wide area detector, even at 3 mm depth the image maintained high resolution. Next we imaged a cluster of 1 m beads placed between two scattering slices of silicone resin each 4-mm thick [ Fig. 2(b) ]. Because image intensity decreases with imaging depth in order to compensate for this phenomenon we need to collect more frames at a 4-mm imaging depth to preserve a given image quality. Nevertheless, the beads can be clearly distinguished in the image.
Images of biological tissues
The DIVER was successfully employed in imaging various types of biological tissues. One example is the vasculature of subcutaneous xenograft tumors. Colon cancer cells injected subcutaneously induce a tumor mass that will develop a vasculature network to acquire nourishment. The ability to image and study the vascularization of tumor cells has become V. Crosignani et al.
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important in progression of tumor and so far there have been limitation of in vivo imaging of these vessels. Figure 3 shows the vasculature of the subcutaneous tumor with FITC-Dextran as a contrast agent. This sample was imaged using the DIVER up to depth of 630 m.
Another example is the vasculature under the crypts in the mouse small intestine. Imaging the vasculature network with high resolution is extremely important in biology as all cell behavior is connected to the level of oxygenation of the tissue, and thus to the proximity to blood vessels. Figure 4 shows the 3D reconstruction of the vasculature in the lamina propria of an excised section of mouse colon. The mouse was injected with FITC-Dextran as contrast agent before being euthanized.
The examples of imaging in-depth biological tissue samples by DIVER system show that the applied detection scheme, due to its ability to collect e±-ciently emission photons, allows imaging of turbid media at depths not accessible by conventional microscopes. This system utilizes a transmission geometry, where excitation is performed from one side of the sample and emission photons collected from its opposite side. In the absence of strong absorption, the multiple scattering in turbid media per se, does not change the detected emission intensity, on the contrary, it increases the number of detected photons. 16 Using our system we were able to image relatively thick turbid samples (about 1 cm total thickness), however, the transmission geometry obviously induces some restrictions on the samples that can be imaged by this technique, especially in in vivo imaging experiments. Nevertheless, the method can be useful for in vivo imaging of biological tissue as well and was used for in vivo imaging of intestine and blood vessels where the total thickness of the sample could be in the 1 cm range. 
Deep tissue imaging by enhanced photon collection
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For the tissue phantoms samples, which are homogeneous in refraction index, the point spread function (PSF) is not a®ected by imaging depth and we did not observe any resolution decay with imaging depth. However, it is known that in biological tissue samples, where refraction index varies, the excitation beam wavefront distorts with imaging depth that leads to the loss of resolution in deep layers. This is why tissue phantoms can be imaged deeper than biological tissue samples. Nevertheless, because the DIVER system is mainly designed to collect more e±ciently emission photons and it employs a relatively low NA for excitation (NA 0.5), it allows increasing imaging depth in all types of samples when compared to conventional microscopes.
SHG images
SHG is a very powerful imaging modality, often used both ex vivo and in vivo to image biological tissue without the need of exogenous staining. 6 The detection scheme of the DIVER, due to its transmission geometry, is naturally more suitable and more sensitive for detecting forward propagating SHG signals. Conventional microscopes are bound to collect the back scattered lower intensity portion of SHG photons and also requires a higher excitation laser power for imaging, producing more photodamage to the tissue.
To show the superior performance of the DIVER in acquiring of SHG images, we have imaged several samples that generate SHG signals using both detection schemes at the same time (transmission and epi-geometry). The sensitivity of both detectors was adjusted to give same intensity images for isotropic°u orescence signals.
To compare the epi-and transmission geometry signals we used samples containing dispersed urea crystals, known to give a strong SHG signal. 20 Figure 5 shows the SHG images of urea crystals dispersed in a scattering silicone resin sample at 1.2 mm depth. The image acquired by the trans-PMT is very bright [ Fig. 5(a) ], while the epi-PMT barely senses any light [ Fig. 5(b) ] at the same laser power level. The ratio of image intensities was measured to be 50:1. The SHG signal can still be detected by the epi-PMT because the SHG photons are redirected by multiple scattering to the epi-detector.
Collagen, an extremely abundant component of the ECM of biological tissues, gives a strong SHG signal due to a lack of a center of symmetry in its structure. Figure 6 shows the images of collagen bers in thick collagen matrix acquired by both PMTs. The image acquired by the trans-PMT presents a higher intensity than the one acquired by the epi-PMT. The ratio of the intensities of these images was measured to be $ 250:1. This ratio signi¯cantly increases with imaging depth, as shown in Fig. 7 , which makes the DIVER's superior detection V. Crosignani et al.
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method even more suitable for SHG imaging in deeper layers. Myosin is another strong SHG signal generator widely present in biological tissue, such as muscles. Figure 8 shows the image of muscle¯bers in sarcomeres of the mouse medial thigh muscle acquired with the DIVER's trans-detector, which were imaged to the depths of about 600 m, not accessible by conventional microscopes.
FLIM
FLIM uses°uorophore lifetime (°uorescence decay) to generate images rather than the intensity or abundance of the°uorophore itself. Since each°u orophore has a speci¯c signature lifetime, FLIM imaging can be used to identify di®erent°uorophores with overlapping spectra, a task that cannot be achieved with the traditional, steady-state°uores-cence microscopy. 21 The FLIM capability of the DIVER adds a crucial contrast mechanism. Tissues that appear homogeneous on the basis of°uorescence intensity could have very di®erent spatial distribution of lifetime.
The DIVER is capable of acquiring FLIM images at higher depths than conventional microscopes. FLIM data acquired at such depths have not been previously presented to the best of our knowledge. FLIM images of°uorescent beads of di®erent color and size dispersed in a scattering silicone tissue phantom with di®erent dimensions were imaged using the DIVER (Fig. 9) . In Fig. 9(a) , we show a 10-m red bead at the depth of 1.2 mm, while Fig. 9(b) shows a 15-m yellow-green°uorescent bead at the depth of 3 mm. In Fig. 9(c) , the FLIM phasor analysis shows the di®erent beads highlighted according to their lifetimes, each having distinct locations on the phasor. Figure 10 shows an intensity image of the crypts (a), the FLIM images (b), and the phasor-plot (c) of the mouse small intestine obtained at 740 nm which measure tissue intrinsic auto°uorescence. The intensity image does not provide very good contrast, due to the weak auto°uorescence of the tissues in the crypt. However, the lifetime is independent of°u orophore concentration and in the FLIM images the crypts (NADH) are clearly discerned along with other tissue types. The green area represents the NADH content in the crypts and at the top of the villi, while the yellow one identi¯es the muscle layer under the lamina propria. The pink area corresponds to retinoic acid, while the red area corresponds to collagen. Figure 11 shows an intensity image (a), FLIM images (b) and the phasor-plot (b) of the mouse heart. While the intensity image only provides rough structural information with the FLIM image, di®erent cells and tissue types can be clearly discerned. The green region represents the cardiomyocites, while the blue one is¯bronectin.
The reason we can di®erentiate di®erent ex vivo tissue types using phasor-plot is most likely due to speci¯c auto°uorescence originating in each organ and how the NADH is distributed in these tissue and its association with di®erent tissue speci¯c proteins.
Conclusion
In this paper, we have introduced the DIVER, a two-photon°uorescence scanning microscope. The system is capable of acquiring°uorescence, SHG, and°uorescence lifetime-based images in turbid biological and nonbiological samples, up to the depth greater than 4 mm with micron resolution by virtue of an innovative ultra-sensitive detection system. The specially designed detector collects emission photons from a wide area of the sample with high e±ciency. The advantage of the system is due to the full index matching of the optical path between the sample and the detector window, loss of photons due to re°ections at the boundaries are greatly diminished making the DIVER highly sensitive to low-level signals unlike any other system presently available. These features allow the system to image roughly eight times deeper in turbid media than conventional two-photon°uores-cence microscopes.
Since SHG signals intrinsically tend to propagate in the direction of the excitation light, the transmission geometry of the DIVER's detection system gives it the upper hand on conventional microscopes in SHG imaging. In-depth FLIM imaging capabilities have also been demonstrated with an e±cient lifetime-based separation up to the depth of 3 mm. 
